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ABSTRACT 

Sintering is the most important process where iron ore fines are converted into a suitable lumpy product for 
blast furnace consumption. In this study, received sinter from Vizag Steel Plant, India has been used. The solid state 
isothermal reduction kinetics has been carried out using coke dust (treated as industrial waste) as reductant at 
temperature 1373K over a period of time from 5 to 90 minutes. The chemical analyses have been performed to get the 
degree of metallization of the reduced sinters and these data are used as input for the determination of the best fitted 
kinetic model. The characterizations of the reduced sinters are analyzed by XRD. The reduction mechanism is found to 
be contracting geometry. 
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INTRODUCTION 

Sinter is one of the prime feed materials for the conventional Blast Furnace Iron making process. 
Sintering process involves agglomeration of iron ore fines (typical size range in between 9 mm to 0.15 mm) into a 
porous mass by incipient fusion caused by combustion within the mass of the ore particles. To obtain the necessary 
size or load-bearing strength of the final sinter, a certain level of material coalescence is required. Melt volume 
(affected by the ore properties-composition, porosity and size) and flowability of the molten system at flame front 
are the key factors to get better efficiency of the sintering process [1-4]. Liu et al [5] have reported the effect of ore 
type on densification in liquid phase sintering regime, in order of porous>dense>regent as the porous ore take in 
more readily to form a more deformable system. The formation of more melt in the lower bed improves the ability 
of the system to coalesce. A wide variety of final sinter is observed, which solely depends on the chemical 
composition of raw materials taken. These sinters are mainly multiphase materials having heterogeneous 
microstructure. Hence, proper selection of process and operation variables are generally important in order to 
achieve better quality of sinter as well as greater productivity [6], The main mineral phases observed in the finals 
sinter are hematite, magnetite, silico-ferrites of calcium and aluminium (SFCA) and silicates. To get the high 
quality sinter product, the SFCA is the desirable phase. The formation of SFCA on the phase composition of sinter 
is mainly influenced by the effect of sintering temperature, CaO/SiCL ratio, sintering gas atmosphere and cooling 
procedure [7], High temperature (1250-1300°C) mainly favors the formation of SFCA [8], But due to a further 
increase in temperature, the SFCA decomposes as raising the temperature promotes the reduction of Fe 3+ in the 
SFCA crystal structure to Fe 2+ . Increasing CaO/Si0 2 ratio and oxygen partial pressure have positive impact in 
favour of the formation of SFCA phase [9-13]. Andrews et al [14] have carried out laboratory-scale experiments 
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using coal ash fusion furnace to study the effects of melt formation on the analogue sinter mix tablet reshaping at sintering 
temperatures. Loo and Heikkinen [15] have investigated the sinter properties at different spots within a sinter bed and 
reported that increasing sinter temperatures produce denser sinter particles. The mineralogical and morphological 
characteristics of sinter are heavily influenced by changing the basicity of sinter resulting different values of the reduction, 
degradation index (RDI) and reducibility index (RI) [16,17]. 

Solid state reduction kinetics is very important to study by which one can depict a particular reaction type and its 
rate equation by translating it mathematically [18-22]. P. Kowitwarangkul et al [23] have studied the kinetic models of 
reduction of self-reducing pellets (SRP) at isothermal and non-isothermal condition and estimated the value of 
corresponding activation energy. The self-reducing pellets (SRP) consist of iron ore fines and solid carbonaceous reducing 
agents like coal, coke and charcoal. Sarkar et al [24] have studied the kinetics of reduction for magnetite ore with high 
titanium content using lean grade coal and also evaluated the corresponding activation energies. They have reported that 
the kinetic mechanism follows mixed model type where contracting geometry (CG3; activation energy 93.42 KJ/mol) is 
found to be the initial mechanism followed by diffusion controlled mechanism (Jander kinetic model; D4; activation 
energy 179.80 KJ/mol) in the later part of the reaction. Similar type of mixed model mechanism (initial stage is controlled 
by gaseous diffusion mechanism and final stage is controlled by both gaseous-diffusion and chemical reaction) has also 
been observed during the reduction kinetics of iron ore-coal composite pellets under non-isothermal condition in inert 
atmosphere [25]. Another work has also been reported on the kinetics of the smelting reduction of iron ore by a graphite 
crucible and carbon-saturated molten iron between 1400°C and 1550°C which is continuously observed in situ by X-ray 
fluoroscopy. The activation energies for the reduction by the graphite crucible and the molten iron were 24.1 and 22.9 
kcal/mol, respectively [26]. 

In the present investigation, solid state reduction of iron ore (hematite) sinter (received from Rashtriya Ispat 
Nigam Ltd. (RINL), India) using coke dust has been carried out. Coke dust is treated as an industrial waste which is used 
here as a reductant. Isothermal reduction kinetics has been studied to evaluate the exact kinetic mechanism during solid 
state reduction of sinter. The characterization of phase analysis is observed using XRD. Chemical analysis of the reduced 
sinter has also been done for the determination of the degree of metallization. 

EXPERIMENTAL 

Characterization of Sinter 

Hematite ore (below 6 mm size) is used for sinter making. Sinter has been collected from Sinter Plant, Rashtriya 
Ispat Nigam Ltd. (RINL), Visakhapatnam, India. The composition of sinter is analyzed by using x-ray Flouroscence 
(WDXRF, PanAlytical) and shown in Table 1. 

Table 1: WDXRF Analysis of Iron Ore Sinter 


Element/Compound 

Fe(T) 

FeO 

CaO 

SiOi 

AI2O3 

MnO 

MgO 

P2O5 

TiOi 

CaO/SiOi 

Concentration 

57.69 

7.87 

9.12 

5.73 

131 

0.11 

1.63 

0.05 

0.10 

1.59 


Impact Factor (JCC): 4.8765 


NAAS Rating: 2.79 
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Analysis of Coke Dust 

Coke dust collected from the coke oven by product plant (COBP) of the Rashtriya Ispat Nigam Ltd. (RINL), 
Visakhapatnam, India has been used as reductant for the present experiments. Standard proximate as well as ultimate 
analyses (LecoTruSpec) are carried out for the determination of composition of coke dust and are tabulated in Table 2. 


Table 2: Proximate and Ultimate Analysis of Coke Dust 



Proximate Analysis 

Ultimate Analysis 

Fixed 

carbon 

(%) 

Volatile 
matter (%) 

Moisture 

(%) 

Ash 

(%) 

Carbon 

(%) 

Hydrogen 

(%) 

Nitrogen 

(%) 

Coke 

dust 

79.46 

4.01 

0.53 

16 

87.5 

0.065 

1.351 


Thermo gravimetric-differential thermal analysis (TG/DTA; Perkin Elmer) of coke dust has been carried out 
under nitrogen atmosphere (UHP Grade 99 . 99 % N 2 ) from room temperature to 1273 K (Ref. Figure 1). The weight loss is 
minimum upto 873K which corroborates the presence of low moisture and volatile matter content in coke dust. A gradual 
weight loss after 873K can be explained by the fact that the apparent pores of the fine coke dust are filled with air and 
secondly the nitrogen used is not fully free from oxygen. Therefore, oxygen from both the sources would be responsible for 
burning of coke dust at high temperature showing the exothermic peak in the DTA analysis at around 923K-1123K. 



Figure 1: TG/DT Analysis of Coke Dust 


Experimental Procedure 

The reduction experiments have been carried out in a PID controlled electrically heated tubular furnace having 
temperature accuracy of ~5°C. Stoichiometrically for reduction of 10 gm sinter, 2.26 gm coke dust has been used. In each 
experiment, the exact weight of sinter and coke dust as stated earlier is measured using an electronic balance (WENSAR, 
Model No: PGB1000 with accuracy 0.001) and is introduced in an Inconel cylinder with an exhaust tube. After the furnace 
ramp up to the experimental temperature, the inconel cylinder is inserted into the hot zone of the furnace and kept for a 
specified time length isothermally. During this isothermal holding the reduction reaction occurs that results the emission of 
the product gases through the tubular outlet. After certain reduction time, the outlet of the tube is sealed. Thereafter, the 
sealed inconel cylinder is taken out and allowed to cool. After room temperature is reached, the reduced sinter is removed 
from the inconel cylinder and weighed in the electronic balance. 
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Isothermal Reduction Kinetic Study of Iron Ore Sinter 


The direct reduction experiments of iron ore sinter are carried out isothermally in a standard closed reactor at 
temperature 1373K for a period of 5 to 90 minutes. The conventional gas-solid reaction mechanisms for isothermal kinetic 
study are mentioned hereunder. 


a 2 = kt 


[a + (1-a) ln(l-a)] = kt 
[1-2/3 a- (1-a) 2/3 ] = kt 


[1- (1-a) l/3 ] 2 = kt 


[(1 + a) 1/3 -1] 2 = kt 


[(1-a) -1/3 -1] 2 = kt 


a = kt 

[1- (1-a) l/2 ] = kt 
[1- (1-a) 1/3 ] = kt 
[- ln(l-a)] = kt 


[(1-a) 1/2 -1] = kt 


[(1-a) 1 -1] = kt 


Parabolic (Di) 

Valensi Barrer (D 2 ) 

Ginstling Brounsthein (D 3 ) 

Jander (D 4 ) 

Anti Jander (D 5 ) 

Zhuralevet al. (D 6 ) 

Linear Growth (CGi) 

Cylindrical (CG 2 ) 

Spherical (CG 3 ) 

First- order Chemical Reaction (Ri) 
One&Half - order Chemical Reaction (R 2 ) 
Second -order Chemical Reaction (R 3 ) 


1 

2 

3 

4 

5 

6 

7 

8 
9 

10 

11 

12 


Abbreviations such as D, CG, R etc. in the above kinetic equations refer to the kinetic mechanisms that follow 
diffusion, contracting geometry and chemical reaction controlled, respectively [28]. 

RESULTS AND DISCUSSIONS 
Chemical Analysis of the Reduced Samples 

The degree of metallisation of the reduced sinters has been evaluated by standard titrimetric method (IS 15774: 
2007) to understand the influence of time at constant temperature during experiments and tabulated in Table 3. The degree 
of metallisation is delineated by the following equation- 

Degree of Metallisation = „ 100 % 

FeTotal 


Where, Fe Metallic is the weight of metallic Fe in the reduced sinters, which are measured by chemical analysis and 
Fe Tota] is the total weight of Fe present in unreduced sinter (measured by WDXRF analysis). 

From Table 3, it has been observed that at 1373K, the degree of metallisation is very low 3.349% for 5 minutes of 
reduction time and for 90 minutes the metallisation becomes maximum 50.375%. 


Table 3: Degree of Metallisation for Reduced Sinter with Times at 1373K 


Time (min) 

5 

10 

15 

30 

45 

60 

90 

Degree of Metallisation (%) 

3.349 

3.349 

15.668 

27.195 

42.324 

46.891 

50.375 


Impact Factor (JCC): 4.8765 


NAAS Rating: 2.79 
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Isothermal Kinetic Study of Reduction 

Using data from Table 3, fractional metallisation has been plotted as a function of time at 1373K (Ref. Figure 2). 



Figure 2: Fraction of Metallisation Vs Time (min) for Reduced Sinter at 1373K 

For the determination of exact kinetic mechanism, the reduced time plot has been used. The reduced time plots are 
shown in Figure 3. From Figure 3, it is found that the experimental (a,0) points coincide very well with the theoretical 
curve for CG3 but after 60 minutes a slight deviation from the theoretical CG3 to D1 curve has been observed for 
isothermal temperature of 1373K. Figure 4 shows the plots of [1- (1-a) 1/3 ] for CG3 mechanism as a function of time at 
constant temperature. The Regression co-efficient (R 2 ) value is very close to 1, showing that the linear fit is very good 
which also justifies the CG3 mechanism. Therefore, for an initial period of reduction mainly CG3 mechanism is operative. 
In the initial period the reduction starts from the surface of the granular ore, as a result the metallic surface layer grows and 
consequently granular ore shrinks. This justifies the mechanism of contracting geometry (CG3). However, as the reduction 
continues, in the later period the reductant diffuses through the metallic layer to the ore/metal interface and reduction of ore 
takes place. It is therefore expected that in the later part of reduction the mechanism would be controlled by diffusion. In 
fact, this is what is tending to be observed in this case (Fig 3). 



Figure 3: Reduced Time plot of Fraction of Metallisation Along with the Theoretical a Vs 0 

Plot for CG3 and D21 at 1323K 
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Figure 4: Plots of [l-(l-a) 1/3 ] vs. Time for CG3 for at 1373K 
Phase Transformation During Reduction 
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Figure 5: XRD Patterns of Reduced Briquettes at 1373K for 90 Minutes 

Figure 5 depicts the XRD analysis of reduced sinter at temperature 1173K over 90 minutes of reduction time. 
Wustite (FeO) is observed as the predominant phase followed by significant intensity peaks of Iron (Fe) and magnetite 
(Fe 3 04 ). From these observations, it is clearly seen that sinter has not been fully reduced at the given reduction time and 
mainly sticks to the wustite phase. 

CONCLUSIONS 

From the study of the isothermal reduction sinter (collected from Rashtriya Ispat Nigam Ltd. (RINL), India) using 
coke dust as reductant, it is concluded that the mechanism mainly follows contracting geometry model (CG3) at a fixed 
temperature of 1373K. But, there is a tendency at elevated reduction time (after 60 minutes) to divert from the contracting 
geometry model to diffusion model. Maximum 50.375% of metallisation has been observed for 90 minutes from reduction 
time at 1373K. 
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